We have measured absolute fully differential cross sections for photo double ionization of helium by circularly and linearly polarized light 20 eV above threshold. The data have been obtained by measuring in coincidence the momentum vector of the He 2+ ion and one of the electrons, covering 4π solid angle for all particles. We give an overview over the momentum distribution in the three-body continuum and show fivefold differential cross sections. We find a swirl in the electron momentum space for double ionization by circularly polarized light. The present data supersede earlier data from our group (V mergel et al 1998 Phys. Rev. Lett. 80 5301).
Introduction
How does one photon couple to more than one electron? This question has been heavily studied over the past few years 4 . The first experimental and theoretical studies on two-electron ejection by photoabsorption considered only the total cross section for double ionization and the ratio of cross sections for double to single ionization [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Today, these questions are settled over the full energy range from threshold to 10 keV. Since the mid-1990s much more detailed experimental and theoretical studies have become available, initially discussing the energy sharing between the two emitted electrons [15, 20, 21] , and finally dealing with coincident angular distributions of the two photo electrons (see [22] for a review) and the momenta and angular distributions of the recoiling He 2+ ions [23] [24] [25] [26] . Experimentally those studies have been performed by detecting both electrons in coincidence or by the cold-target recoil-ion momentum spectroscopy (COLTRIMS [27] ) technique. For linearly polarized light those studies cover the energy range from very close to threshold [28] to several tens of eV above the double-ionization limit. The high-energy regime is still completely unexplored.
For circularly polarized light dichroism, i.e. the dependence of the fully differential cross section on the helicity of the light in helium double ionization, has been predicted for the first time by Berakdar and Klar [29, 30] . They have shown that even if the initial state is spherically symmetric, circular dichroism (CD) is possible, whenever photon spin and the two electrons in the final state span a tripod with distinguishable legs. This was first confirmed experimentally by Viefhaus et al [31] . A much more complete coverage of the final-state phase space was achieved using the COLTRIMS technique in multibunch operation at the Photon Factory (Tsukuba) by us [1] . A large dichroism effect was found in the momentum space distributions of the recoiling He 2+ ions for fixed direction of the fast electron. From these data the angular distribution of the photoelectrons has also been extracted. These electron angular distributions have recently been called into question by theoretical results [32, 33] and by a cross-check on consistency with well established results for linear polarization [34] . In addition recent experimental data on circular dichroism in He double photoionization by Soejima et al [35] found good agreement with CCC calculations by Kheifets and Bray in contrast to the conclusions drawn in [1] . The present paper resolves this dispute.
We have measured for an excess energy of 20 eV the fully differential cross section for linear and polarized light using the well established COLTRIMS technique in single-bunch operation of the photon factory. This experiment covers all angles and all energy sharings and also results in absolute cross sections.
Experiment
The experiment was performed at the Photon Factory, BL28A in single-bunch operation. The data reported here are taken over three consecutive days of beam time. We have switched the undulator from left circularly polarized (LCP) to right circularly polarized light (RCP) and linear polarization without altering our experimental set-up. Therefore, all possible systematical errors are the same in all data shown below. Note that LCP (optical definition) means that the polarization vector rotates counterclockwise for an observer looking towards the source. It is equivalent to right-hand or positive helicity (σ + ) in the quantum mechanical definition [36] and corresponds to photons with a magnetic quantum number m = +1, where m is the projection of the photon spin onto the direction of propagation. Also LCP corresponds to a negative value of the Stokes parameter S 3 .
The experiment has been performed using the COLTRIMS technique (see [27, 37] for recent reviews). Details of the use of this technique for experiments on photo double ionization can be found in [38] . We have measured the momentum vector of one of the ejected electrons in coincidence with the charge state and momentum vector of the recoiling He 2+ ion. The momentum vector of the second electron is calculated by exploiting momentum conservation.
The combined ion and electron spectrometer has 4π solid angle for the ions and for electrons up to 22 eV energy. Figure 1 shows a sketch of the experimental set-up. In brief the photon beam is intersected with a precooled supersonic He gas jet target. The gas jet had a width of about 1 mm at the intersection point. The ions were guided by a homogeneous electrostatic field (1.9 V cm −1 ) followed by a drift region onto a position-sensitive channel plate detector with wedge-and-strip readout 5 . A set of Helmholtz coils (1.2 m diameter) generated a magnetic field of 11 G, parallel to the electric field. The combined electric and magnetic field guided the electrons onto a second position-sensitive detector (see [39] for a detailed description of the electron spectrometer). The fields yield 4π solid angle for electrons up to 22 eV energy. The combined electron detection efficiency of our channel plate and two grids is 30-40%. Those events where both electrons are detected are rejected based on the pulse height of the detector signal. For each electron and ion in every event, the position of impact and the time of flights with respect to the bunch marker of the storage ring was recorded in list mode.
The spectrometer was calibrated during the beam time using single ionization of He at photon energies of between 24 and 46 eV. For single ionization electron and ion momenta have equal magnitude, which is defined by the photon energy and the ionization potential. Due to momentum conservation these vectors have opposite direction (the photon momentum is negligible on this scale). This provides an ideal situation for the momentum calibration of the electron and the ion branch of the spectrometer. Furthermore, these calibrations provide enough information that the absolute value of the magnetic and the electric field can be obtained very accurately.
For double-ionization events, six momentum components can be obtained from the six measured quantities (positions of impact and the times of flight of the electron and ion). The three-body final state is characterized by nine momentum components of the three particles. Due to momentum and energy conservation only five of the nine momentum components are linearly independent. This provides redundancy in the experiment and allows for cross-checks against possible systematical errors (e.g. for each double-ionization event the sum energy of both electrons can be obtained). Figure 2 shows the correlation between the energies of the two electrons. The width of the diagonal line shows the overall resolution of the system. The energy distribution of one of the electrons is shown in the right-hand panel. At 20 eV excess energy the energy distribution is almost flat, in agreement with earlier measurements [15, 20] and theoretical results [21] . The width of the high-energy edge again mainly reflects the resolution of the system, as explained in more detail below. Note that in experiments where two electrons are detected in coincidence by time-of-flight spectrometers [31, 40] the sum energy of both electrons has to be used to decide whether it was a random coincidence or a real double-ionization event. In our case, the charge state of the ion is detected and used to identify a double-ionization event. Therefore, the sum energy correlation shown in figure 2 is additional information which can be used for internal cross-checks in the momentum measurements.
The energy and angular resolution for the detected electron is determined mainly by the spatial extension of our gas jet. This uncertainty of the starting point of the electron trajectory in the joint electric and magnetic field translates in a highly nonlinear fashion into an uncertainty in the angle and energy determination. Thus the resolution varies widely as a function of energy and angle. An example is a resolution of E = 0.05 eV, = 13
• at 2 eV for electrons starting in the direction of the electron detector. The worst case is, whenever the electron time of flight is an integer multiple of the cyclotron frequency. At these points in electron phase space the error diverges. They are a very small fraction of the total final-state phase space and are excluded in our analysis (see [39] for a more detailed discussion of this type of electron imaging spectrometer). For the recoil-ion momentum measurement our spectrometer has a fixed absolute momentum uncertainty in all three dimensions which is 0.14 au FWHM in the direction of the electric field and about 0.29 au FWHM in the direction of the gas jet and the photon beam. The width of the diagonal (about 5.5 eV) in figure 2 reflects the sum of all of these errors and nonlinearities. The contribution of the photon bandwidth (about 1 eV) to this sum energy is almost negligible.
Since the experiment covers the full phase space of the final state (4π solid angle for electron and ion) the absolute normalization is straightforward. The total number of valid counts corresponds to the total cross section.
The experimental procedure used here is superior to that used in our earlier work [1] in three important aspects.
(a) No magnetic field for the electron confinement has been used in [1] . (b) A retarding voltage directly in front of the channel plate was used in [1] to repel electrons with energy below 11 eV. (c) The most important difference was the lack of a beam bunchclock in [1] , as the previous experiment was performed during multibunch operation of the storage ring.
(a) and (b) together resulted in a solid angle of well below 1π for the detected electron. More importantly, as a consequence of (c) for each event the positions of impact and the flight time difference between the electron and ion were measured, not the individual times of flight. From these five quantities all nine momentum components could be obtained using momentum and energy conservation. In addition to the conservation rules, the detected electron must be known to be the fast electron (by a retarding field (b)) to eliminate the ambiguity of a sign in solving a quadratic equation. However, there was no redundancy in calculating the momenta, which allowed for cross-checks against possible systematical errors. For example, the exact value for the fields in the spectrometer and for the absolute photon energy entered crucially in the analysis. In particular, the absolute value of the time difference between the electron and ion was critical.
The use of single-bunch mode and thus a bunch marker signal in the present experiment eliminates all of these potential problems. Since here the time-of-flight for the electron and ion are known, the calculation of momenta of both particles is decoupled and straightforward. This technique has been used with great success in many experiments for ion and photon impact [27] . Furthermore, the determination of the absolute value of the cross section was subject to bigger potential errors in the previous experiment, since the spectrometer did not cover 4π for the electrons. Therefore, the fraction of the solid angle which was covered had to be calculated and the energy distribution of the electrons had to be extrapolated. This introduced a much bigger systematic error on the absolute normalization compared with the present experiment.
The primary data in the previous as well as in the present experiment are the momentum distributions of the recoiling He 2+ ions for fixed momentum vector of one of the electrons. These recoil-ion momentum distributions show a strong effect of circular dichroism (see figure 2 in [1] ). Figure 3 shows the recoil-ion momentum distribution in the plane perpendicular to the photon beam from the present experiment. The recoil ion and electron (indicated by the arrow) are both confined to this plane perpendicular to the photon propagation. The left-hand panel shows the ion momenta with no restriction of the electron energy. The distribution is highly asymmetric to the horizontal, showing the large effect of the circular dichroism. For comparison with our previous results (see figure 2 in [1] ) the right-hand panel shows our present data with a restriction to electron energies greater than 11 eV, to simulate the retarding grid used in the previous experiment. We find a much higher resolution but the general features observed in both experiments are identical. In the previous experiment the momentum vector of the measured electron (horizontal axis in figure 1 in [1] and figure 3 of this paper) is obtained predominantly from the time-of-flight difference between the recoil ion and electron. A potential problem in the determination of the time zero position in the time-of-flight spectrum results in a shift of the origin in figure 3 . From these data electron angular distributions and 5DCS are generated. A possible shift of the origin in figure 3 does not change the observed ion momentum pattern, but mainly changes the opening angle of the two lobes of the 5DCS and influences the absolute calibration. We have propagated the errors by analysing our data with different assumptions on the zero points. One example is shown in figure 4 , where the zero point of the ion momentum has been shifted by ± 0.05 au (see [41] for more examples). As we will see below this is not sufficient to explain the discrepancy between our old and new experiments, showing that our estimate of systematical errors in [1, 41] was too optimistic. In the present experiment such potential problems are avoided since the time of flight of the ion and electron are measured independently with respect to the beam clock. A comparison of the present and previous results for the electron angular distribution is discussed below.
Influence of the Stokes parameters
As discussed above, the double-ionization process is fully characterized by five linearly independent quantities. One could choose for example five momentum components or alternatively the energy sharing and the polar (θ A , θ B ) and azimuthal (φ A , φ B ) angle of each of the two electrons A and B with respect to any axis. The polar and azimuthal angle are often noted jointly as a (two-dimensional) solid angle A , B . Double photo ionization can hence be fully described by a fivefold differential cross section (5DCS). The measured 5DCS depends on the polarization characteristics of the light as given by the Stokes parameters S 1 and S 3 . The measured 5DCS exp is an incoherent sum of the cross section for LCP and RCP light 5DCS
LCP,RCP and for linearly polarized light 5DCS lin x,y along two axes x and y, which are perpendicular to each other and perpendicular to the propagation of the light (see [42] ):
Throughout this paper we choose the laboratory frame where x is parallel to the plane of the storage ring (parallel to the electric extraction field in figure 1 and y is perpendicular to the ring (along the direction of the gas jet in figure 1 ). For beamline BL28A of the photon factory Kimura et al [43] measured for the standard setting at 97 eV for RCP and LCP S 1 = −0.2, S 3 = +0.95 in a frame tilted by 134
• with respect to the plane of the storage ring and S 1 = 0.2, S 3 = −0.95 in a frame tilted by 44
• . We did not determine the Stokes parameters in the present experiment. In our previous experiment we found S 1 = 0.29±0.03 from the angular distribution of the electron from single ionization.
Assuming that the degree of polarization P = S 2 1 + S 2 3 was not smaller than P = 0.97 ± 0.1 [43] we obtain S 3 = 0.93 ± 0.01 in [1] . We confirm the tilt of the main axis of the polarization ellipse as one switches the beamline from the LCP to the RCP mode of the beamline.
As a consequence of the 4π solid angle for the ion and electron realized in the present experiment, we can use symmetries in the laboratory frame to make our final data completely insensitive to the main axis of the linearly polarized contribution of the light, as we will show now. For circularly polarized light the beam axis is the symmetry axis of the process. Therefore, we use polar coordinates where θ A and θ B denote the polar angles of electrons A and B with respect to the beam axis and φ A and φ B are the azimuthal angles around the beam axis, with φ = 0 being parallel to the plane of the storage ring. 5DCS RCP,LCP does not depend on φ A and φ B individually but only on the relative azimuthal angle φ AB = φ A − φ B . We switch in our data analysis from the angle pair (φ A , φ B ) to the pair (φ A , φ AB ) and then integrate the data over φ A . Thus we sample all events with fixed φ AB while summing over the laboratory azimuthal angles φ A and φ B . This allows one to gather the statistics from all physically equivalent configurations of electron phase space. Using equation (1) the experimental fourfold differential cross section obtained by this procedure is given by
For a beta parameter β = 0 of the electron, which is reasonably fulfilled at 20 eV excess energy [23, 24] , the second integral is identically zero. Berakdar [44] has shown (see also figure 10 and the related discussion below) that the first integral can be expressed by 5DCS for circularly polarized light:
Thus equation (2) simplifies to
Note that as a consequence of the integration the 5DCS for linearly polarized light no longer enters directly into the observed 4DCS, no matter what the Stokes parameter of the light is. Therefore, the direction of the main polarization axis and the linear dichroism [35] also no longer affects the data. The only remaining influence of S 3 < 1 is that it reduces the contrast of the circular dichroism. This is in contrast to the situation in experiments where one electron spectrometer is fixed in the laboratory frame and the second one is rotated [35] . We performed two experiments while switching the undulator from the RCD to the LCP mode, yielding 4DCS exp RCP and 4DCS exp LCP . From these raw data we can calculate the cross section for purely circularly polarized light:
Since S 3 = 0.95 this is a very small correction to the raw data (see figure 6(a) ).
Correlated electron momentum space distributions
In this section we show the main results of this work. A complete overview of the structure of the three-body continuum after absorption of a linear and a circularly polarized photon is given in figure 5 . This presentation makes use of the main advantage of the COLTRIMS technique to cover the full solid angle and all energy sharings at once. No preselection of angles and energies has to be made in the experiment. Due to momentum conservation, the momentum vectors of both electrons and the ion are always in one plane (neglecting the photon momentum). This internal plane of the three-body breakup is shown in all panels of figure 5. The direction of one of the electrons (labelled electron A) is shown by the arrow, and the momentum distribution of the second electron (B) is given by the density distribution. Since the sum energy of the electrons is fixed by the photon energy, the magnitude of the momenta (i.e. the radius drawn around the origin) is coupled. The outer circle indicates the locus of events where electron B has all the excess energy, the inner figure 5 (c) are integrated over all directions with respect to the polarization, i.e. the sum over all events displayed gives the total double-ionization cross section. Figures 5(d) and (e) show only the subset of events where the momentum of electron A is parallel or perpendicular to the polarization axis (which is horizontal in both panels). In figures 5(a) and (b) the circularly polarized photons propagate into the plane of the paper, and both electrons are restricted to a polar angle of 90
• ± 20
• with respect to the photon propagation, i.e. only a subspace of the final state is shown.
Two well known features of the breakup process are visible in all panels. First, both electrons emerge predominantly in opposite half-spheres (due to electron repulsion). Second, there is a node in the correlated wavefunction for equal energy sharing and back-to-back emission. This node is a result of the 1 P o symmetry of the final state for double ionization of He by absorption of one photon [45] . Both effects have been seen already in the first pioneering experiment by Schwarzkopf et al [46] . Both features prevail for linearly polarized light, independently of the directions of the first and second electrons to the polarization (figures 5(c)-(e)) and left and right circularly polarized light (figures 5(a) and (b)). The 1 P o symmetry implies a node at the point k 1 = −k 2 , and the experiment shows that this node is not an isolated feature but a well extended area in momentum space. Only for very unequal energy sharing (see also [47, 48] ) is an appreciable count rate found for antiparallel emission of the electrons. For the subspace of one electron being emitted perpendicular to the polarization ( figure 5(e) ) the nodal area around k 1 = −k 2 extends to a nodal line for antiparallel emission for all energy sharings (see [45, 49] selection rule F, and [38] ). The data for circularly polarized light show that the node for antiparallel emission at equal energy sharing is part of a curved line of reduced momentum space density (figures 5(a) and (b)). This swirl in momentum space is not a result of a symmetry-based selection rule but a non-trivial consequence of the detailed dynamics of the process. It is a visual consequence of the rotation of the electric field vector of the circularly polarized light which puts a torque into the electron pair motion [50] . This is possibly related to a rotation of the forward peak in photoelectron diffraction [52] [53] [54] [55] . We will discuss this in some more detail in the conclusions.
Fivefold differential cross section
Figures 5(a) and (b) shows the complete information on the double-ionization process. It is not integrated over any coordinate, since the plane is fixed perpendicular to the direction of the light. To allow for an easier comparison with other data and with theory we display parts of the same data in the more traditional representation of differential cross sections in polar and azimuthal angle and energy of the electrons. Figure 6 shows the fourfold differential cross section d 4 σ/dφ A,B d cos(θ A ) d cos(θ B ) dE A for double ionization of helium by circularly polarized light. θ A , θ B denote the polar angles of electrons A and B with respect to the direction of propagation, and φ AB is the corresponding azimuthal angle between the two electrons. As in figure 5 we restrict ourselves to emission of both electrons in the plane perpendicular to the direction of propagation of the light (θ A = θ B = 90
• ± 10 • ). All panels show a polar plot of the angle φ AB . The direction of one of the electrons is indicated by the arrow. We have chosen four different sharings of the excess energy. Figures 6(a)-(d) show a comparison of our data for leftand right-hand circularly polarized light. For equal energy sharing, no significant difference between the two experiments, and thus no dichroism, is observed. This is a consequence of the indistinguishability of the two electrons with equal energy. The comparison of both polarizations serves as a test of systematical errors in the experiment. In the middle and left row we have added our data for LCP and RCP. In figure 6 (a) the raw data, not corrected according to equation (5) , are shown together with the calculated FDCS for S 3 = 1. All other panels as well as all the following figures show only the calculated final results for pure circular polarization.
The dichroism also does not vanish for extremely unequal energy sharing ( figure 6(a) ). A necessary condition for the appearance of circular dichroism in double photoionization of helium is that the two electron momentum vectors and the light propagation axis span a tripod with a defined handedness. For equal energy sharing two legs of this tripod are indistinguishable, thus no dichroism is possible. For extreme unequal energy sharing the length of one of the legs goes to zero. The remaining dichroism shows that the pure existence of two distinguishable electron momentum vectors is sufficient for dichroism to appear and that it does not go to zero as the magnitude of one of the momenta diminishes. Note that the data shown in figures 6 are a small subsample of the final phase space and of the recorded data. The transition of the angular distributions as a function of the energy sharing is shown in more completeness in the movie (animated gif) which can be found in the online version of this paper.
The middle column of figures 6(e)-(g) show a comparison of the present data with 4DCS from our previous experiment from [1] which was taken under the much inferior experimental conditions of multibunch operation as explained in the experimental section above. There is a clear discrepancy between the data in the absolute value as well as in the opening angle of the two lobes. Possible sources for this in the previous experiment are discussed above. Comparison with figure 4 shows that our new, correct, data are outside the estimated systematic error of our earlier, inferior, experiment. It is not clear to us which of the possible sources of systematic error we had underestimated. In addition to the redundancy checks in the momentum measurement we point out that the reliability of our present experiment is supported by the smooth disappearance of the dichroism at equal energy sharing. In our previous experiment equal energy sharing was not detected due to the retarding grid in front of the electron detector. Furthermore, in the present case we detect each energy sharing twice. The detected electron can be either the fast electron or the slow electron. The momentum of the remaining electron is then obtained via the recoil ion. These two cases, where the fast or the slow electron is detected, show identical results within the given error bars.
Figures 6(h)-(j) show a comparison of our present data with convergent close-coupling calculations by Kheifets and Bray [32] . The agreement on absolute scale is excellent. The major disagreement between CCC and the experimental data on circular polarization reported in [32] were, as the authors suggest, caused by experimental problems in our previous work [1] . For our present data CCC gives a slightly incorrect ratio between the two lobes at the most unequal energy sharing. Similarly Cvejanovic et al [55] have reported the highest discrepancy with CCC for double ionization for extremely unequal energy sharing by linear polarized light. In addition, figure 6(k) shows a comparison of the present data with a fit with a Gaussian correlation function (FWHM = 91
• ). The normalized difference between the countrates for LCP and RCP has been termed circular dichroism (see, e.g., [1, 29, 31, 56] ):
The CD obtained from the data from figures 6(a)-(d) is shown in figure 7 together with our previous results from [1] and the CCC and 3C calculation. Note that in some respects the CD is less sensitive to systematical experimental errors than the 4DCS, since errors (in particular, in the absolute height) tend to cancel each other in the CD. This is clearly seen by comparison of our old and present experimental data in figures 6 and 7 as well as in the comparison with theory. Figure 8 shows the CD as a function of the energy of electron A at a fixed angle, highlighting the change of sign of the CD at equal energy sharing. Part of our data for linear polarization are shown in figure 9 for three different energy sharings. Again good agreement is found with CCC calculations. The data are also in good agreement with experimental results of Bräuning et al [57] . For equal energy sharing again the angular distributions are well described by a Gaussian correlation function. The present data on linearly polarized light are measured in the same beam time as the above data for circularly polarized light, by only changing the undulator and not the COLTRIMS set-up. Thus, the good agreement of the present data shown in figure 9 with earlier, completely independent experiments and theory, is a further cross-check on our present experiment.
Berakdar has pointed out that the cross sections obtained with linearly and circularly polarized light can be compared directly [44] . He showed that the sum of the differential cross [44] . θ A = θ B = 90 • ± 10 • . Electron A has no fixed direction in the laboratory frame (see the discussion in section 3). Full circles, sum of 4DCS for LCP and RCP (see text). Full curve, 3C calculation from [32] linearly polarized light, sum of 4DCS for polarization x and y (see equation (1)).
sections for left and right circularly polarized light is identical to the sum over the cross section for linearly polarized light with the polarization tilted by 90
• (equation (3)). This interesting result can serve as a consistency check for data obtained with linearly and circularly polarized light. For two energy sharings figure 10 shows this comparison for our data for circularly polarized light and compares it with CCC calculations for linearly polarized light. The latter are in good agreement with experiment [57] .
Conclusions and open questions
In conclusion we have shown the multidimensional momentum distribution in the two-electron continuum of He ionized by circularly and linearly polarized light. The 4π solid angle was achieved in our experiment for all three particles in the continuum. Circular dichroism is found to be a major effect even for extremely unequal energy sharing. The redundancy in the momentum measurement of our experiment and the data for circular and linearly polarized light taken with the same apparatus at the same beamline allow one to reliably exclude systematic errors. The data taken under much inferior experimental conditions in multi-bunch operation by us reported in [1] have correctly demonstrated the major effect of circular dichroism in the recoil-ion momentum distributions. The transformation to 5DCS, however, must be influenced by a calibration error in our momentum or photon energy calibration. These data are superseded by the present experiment.
We note that even so impressive progress has been made in the theoretical description of the double photo ionization process, still no perfect agreement with the experimental results is achieved for an extremely simple three-body process (see also [33, 55] ). Furthermore, none of the theoretical approaches available so far has provided an intuitive physical explanation of what causes the predicted and observed helicity dependence. One step in this direction is given by a parametrization of the 4DCS [56, 58] and by the analysis given in [34, 44] . It shows that circular dichroism is connected to the phase difference between the gerade and ungerade amplitudes contributing to double ionization. Further insight might be gained from an interpretation similar to the circular dichroism observed in one-electron ejection from molecules and non-magnetic solids [52] [53] [54] [55] 60] . Here a core level electron is emitted, and the outgoing wave is scattered at the nearest neighbours. For linearly polarized light this scattering leads in many cases to a peak in the electron angular distribution in the direction of this scatterer (forward focusing). If induced by circularly polarized light, this forward peak is observed to rotate in the direction of rotation of the electrical field vector by an angle of m/kR, where m is the magnetic quantum number of the outgoing electron with momentum k and R is the distance to the scatterer. This scattering of a photoelectron at a neighbouring nucleus and photo double ionization are related. Recently, Keller has shown [60] that at the photon energy used in this paper, helium double photoionization is dominated by the TS1 mechanism, i.e. one electron which absorbs the photon knocks out the second electron via e-e scattering. These calculations in many-body perturbation theory confirm the semiempirical finding by Samson [12] , who stressed the analogy of double photo ionization and electron impact ionization. It might therefore be possible to construct an analogy between dichroism in photoelectron scattering at neighbouring atoms in a molecule to the dichroism observed in double ionization.
